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Abstract

The ability to guarantee reliable and damage-tolerant operation of structures is critical to their safe operation. Various
non-destructive evaluation (NDE) techniques, such as ultrasonics, acoustic emission, thermography, acousto-
ultrasonics (AU), among others, provide a means of inspecting cracks, defects and damage responses in structures. AU
technique involves active excitation of a structure, using ultrasonic waves when accessing defects, damage and
mechanical property variation based on acoustic emission sensing and analysis. The focus of previous works has been
on experimental understanding of the relationship between propagating AU wave attenuation parameters and various
defects, damage and mechanical property variation without establishing fundamental AU wave propagation problems.
Therefore, the objective of this paper is to provide an understanding of the physical problem of AU wave propagation
through an isotropic plate and its analytical validation, using wave dispersion concept. The experimental investigation
was conducted on Al6082-T6 plate specimen. Wave propagation speed on upper and lower surfaces of the specimen
was investigated. The changes of the wave speed and attenuation with frequency were identified. From the results
obtained experimentally, the wave dispersion was verified analytically. Also, Lamb waves were discovered to be the
dominating AU waves. The wave was appreciably non-dispersive in the frequency range from 150 to 1000 kHz and the
attenuation coefficient was increased with the frequency. This finding provides a breakthrough to the implementation
of Acousto- ultrasonics in the non- destructive testing applications such as to possibly access the damages in the wind
turbine blade composite structures as AU has the active sensing mechanism providing an edge over AE method which
is a passive mode of damage sensing.
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1. Introduction

Acousto-ultrasonics (AU) is a non-destructive testing and structural assessment technique that integrates acoustic
emission (AE) methods with ultrasonic excitation of stress waves [1]. AU is a type of inspection methodology that is
used to detect and analyse defect and damage in structures [2]. AU is strongly linked with AE methodology. AU can be
defined as AE that has been simulated or facilitated by ultrasonic sources. The big distinction between AU and AE
techniques is the nature of exciting the elastic stress waves; AE approach relies on structural loading to generate
immediate and spontaneous stress waves, while AU adopts ultrasonic waves as external pulsers [3]. In an isotropic
material, during the wave propagation, the particle displacement is either parallel or transverse to the direction of the
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wave propagation. When the wavelength approaches the plate thickness, the wave velocities are function of frequency
(dispersion) [4].

Lamb or plate waves are produced in relatively thin isotropic material plates or anisotropic laminates [5-7]. The
injection of a longitudinal wave onto the specimen's surface results to leaky surface waves [8,9]. Although Lamb waves
can be considered dispersive in nature [10,11], mostly due to out-of-plane/anti-symmetric modes; however, under low-
frequency approximations (200 kHz- 1 MHz), Lamb waves can exhibit non-dispersive symmetric modes and a
dispersive anti-symmetric modes [12,13], and the Lamb wave propagation behaviour can possibly be described by the
use of dispersion curves [14], which are plots of phase velocities against the product of frequency and thickness created
by computing the Lamb wave equations. The dispersion in this case is created by the plate’s borders and is referred to
as geometrical dispersion. Lamb waves may operate in two different modes, symmetric (S») and antisymmetric (Ax),
which can transmit separately or simultaneously. The notation, n indicates the mode order or the count of inflexion
points along the thickness of specimen.

Furthermore, Lamb waves dispersion behaviours have been stated in some studies. Following the first tests by Fredrik
and Worlton [15], plate waves have been investigated. Worlton [16] reported on empirical investigation of dispersive
lamb waves for zirconium. Moving forward, plate waves especially in relation to smart structures with permanently
implanted or attached sensors are relevant to the structural health monitoring (SHM) industry, including the research
based on the Lamb wave dispersion equations proposed by Viktorov [6] and Rose [17].

However, lamb waves application and propagation characteristics in AU technique is still at the initial phase of research.
Hence, it is important to investigate into the AU wave propagation behaviour in an isotropic plate structure for a deeper
understanding. This is also necessary because it fluctuates between multiple reflections at the top and bottom surfaces,
as well as some mutual interference [18]. In general, both dispersion and attenuation occur in a medium during
longitudinal and shear wave propagation [19-22]. When transmitting in a dispersive and attenuating environment, both
amplitude and frequency level of the wave might constantly change [23]. Hence, this paper presents experimental and
analytical investigations focusing on better understanding of the Lamb wave propagation in an isotropic Al plate, using
AU techniques.

2. Material and methods

2.1. Specimen

The experiment was demonstrated on Al 6082-T6 plate specimen. Table 1 highlights the dimension and mechanical
properties of the specimen used.

Table 1 Properties and dimension of the material (specimen) used [24]

Material | Dimension | Elastic Shear Tensile Poisson | Density | Longitudinal | Transverse
(mm) modulus, | modulus, | strength, | ratio (P) velocity, V. | velocity, Vr
E(MPa) | G(MPa) |or(MPa) | (v) (g/cm?) | (m/s) (m/s)
Al 6082- | 200 x 150 x | 72000 33800 270 0.33 2.70 6100-6320 2900-3100
T6 2

2.2. Experimental set-up

The schematic representation of the AU configuration and its actual experimental set-up are shown in Figs 1 and 2,
respectively.
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Figure 1 Schematic representation of AU configuration
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Figure 2 Actual AU exeperimental set-up

An analytical model which addresses the plate wave propagation, focusing on the measurement of the lamb wave
velocity (dispersion curves) was developed, using MATLAB. The specimen was supported on a test rig with the spacing
in-between to support the testing specimen on its edges and eliminate any interference with the support structure when
transmitting and receiving signal. An ultrasonic piezo-electronic transducer of 1 MHz and a resonant-type AE transducer
with resonant frequency of 150 MHz were used as an emitter and a receiver, respectively. The details on the transducers
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are presented in Table 2. The transducers were bonded to the specimen with a wax, acting as a couplant. A contact
pressure of 0.072 MPa was maintained between the sensor and the testing specimen throughout a test. To drive and
send the signal to the ultrasonic transducer, an arbitrary function generator was used to generate a 3-cycle sine wave
tone burst manual signals with the peak-to-peak amplitude of 15.8 mV. This signal was then transmitted to a power
amplifier of 50 dB to amplify the sending signal to a peak-to-peak amplitude of 5 V. Both signals, before and after the
power amplifier, were analysed in the oscilloscope.

Table 2 Operating features of the emitting and receiving transducers

Feature Type of sensor
Emitter Receiver
(ultrasonic piezo-electronic transducer) | (resonant-type AE transducer)
Resonant/centre frequency (kHz) | 1000 150
Operating frequency range (kHz) | --- 50-750
Weight (grams) = 34
Transducer diameter (mm) 23 19

More also, on the receiver’s end, the narrow band resonant-type AE sensor which has a flat frequency response up to
750 kHz, with a resonant peak at 150 kHz, was connected to the AE signal acquisition system configured with a sampling
rate of 5 MHz. Additionally, an analogue and a digital Butterworth bandpass filters covering the frequency range from
20to 1 MHz and 80 to 100 kHz respectively were configured to avoid the insertion of ambient sound in the AU acquired
signal. Fig. 3 shows the schematic representation of the sensor placements for velocity and attenuation measurements.

'
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Emiiting Transducer Receiving Transducer Receiving Transducer
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L J
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- >
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Figure 3 The diagrammatic illustration of sensor placements for velocity and attenuation measurements
When acquiring AU wave data, the signal characterisation constraints were created similarly to those found in [25,26]:
e Peak definition time (PDT): 3000 us
e Hitdefinition time (HDT): 600 ps
e Hitlockout time (HLT): 1000 ps
Furthermore, two sets of experiment were taken with a varying frequency range of 150 - 1000 kHz for each surface of

the Al6082-T6 plate, considering upper and the lower surfaces. The two sets of experiment referred to the two different
sets of emitter and receiver sensor distance. The sensor distance was chosen wisely to avoid any reflection of the wave.
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The receiver’s transducer was placed at the positions of 60 and 120 mm from the emitting transducer. The velocity was
then determined by utilising these sensors spacing distance in accordance with the report of Kiernan [27]. The
frequency-domain (fast Fourier transform) of the signal was also analysed.

The average values were used to estimate the attenuation coefficients, which were obtained using Eq. (1) [28].

r(w) = [In(V1/V)]/ (X3 = X1) e, )

where r, V1 and V2 denote attenuation coefficient, peak amplitudes at X; (60 mm) and Xz (120 mm) sensor spacing.

2.3. Analytical method

Experimentally, the phase velocity of the wave propagation was obtained by using the method proposed by Kiernan
[27], governed by Eq. (2).

Von = Ad/At i (2)
where Vj;, Ad and At represent the phase velocity (mm/sec), difference in the sensor spacings (mm) and time difference
(sec), respectively. The At was calculated by tracing a same phase point on the waveform showing at the output for both

sensor spacing at 60 and 120 mm. While Ad was determined by measuring the displacement of the sensor spacing,
which was obtained as 60 mm.

Analytically, according to the Rayleigh-Lamb frequency equations, the dispersion relation of the two modes for an
isotropic plate with a thickness of 2h is controlled by the following expressions/Eqs (3a) and (3b) [17]:

(k? = g*) tan(qh) + 4k*pq tan(ph) = 0 (symmetric MOdes) ....ccoeererrresrerreneenns (3a)
(k? = q*) tan(ph) + 4k?pq tan(gh) = 0 (anti-symmetric Modes) ........ccccvereererereenene (3b)

where k denotes the wave number. It is numerically represented as @/Vpr, @ and Vpr stand for the angular frequency
and phase velocity, respectively. The coefficients, p? = «?/V,? and q?= «?/V;* are given by Rose [17], where Vi, and Vr
represent the longitudinal and transverse wave velocities, respectively. Both Eqs (3a) and (3b) as well as values in Table
1 were utilised to create a dispersion relation tool/analytical model in MATLAB.

3. Results and discussion

3.1. Plate wave propagation with dispersion: Analytical verification

Two popular techniques can be utilised to produce a Lamb wave in a plate. The wedge approach is one of the techniques.
This approach involves activation of the plate, using ordinary fluctuations generated by a transducer linked acoustically
to the testing specimen's surface [5,6]. The second technique is a broadband methodology in which all potential modes
for a particular frequency are generated simultaneously, as symmetric and anti-symmetric modes. The latter strategy
was utilised in this experiment in accordance with the AU technique configuration, as previously shown in Fig. 1. Lamb
waves propagated on a surface possess a velocity component that was both longitudinal and perpendicular to the
material's surface. According to the symmetric mode of motion, any particle motion is symmetric about the mid-plane
of the plate. The longitudinal movements are equal in magnitude and direction, whereas transverse displacements are
identical in magnitude although in the reverse direction. This mode features the particle motion that is antisymmetric
with respect to the mid-plane of the plate, hence it is called the anti-symmetric mode [5]. In this investigation,
fundamental symmetric (S,) and anti- symmetric plate modes were studied. They were easily generated and received
with enough selectivity above the cut-off frequencies of the higher modes [29,30].

With AU approach, three-cycle sine wave tone burst signals were transmitted into the material, using an ultrasonic
transducer operating in the frequency range from 150 kHz to 1 MHz. The response of an isotropic material at low
frequencies was of main concern in this study.

Moreover, the plate wave velocities at different frequencies for AlI6082-T6 specimen were calculated, using Eq. (3a) and
the results obtained are shown in Fig. 4. It was evident that from the analytical results that the symmetric wave velocity
reduced as the frequency increased, but the anti-symmetric wave velocity increased as the frequency increased, as
observed in Fig. 5. To identify a general principle of wave propagation in the AU technique, there should not be
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any significant dispersion of the symmetric mode velocity with frequency. According to the analytical model, there is
only a 5.38 % decrease in velocity over the frequency range of 150 kHz to 1 MHz, which is a small drop. As a result, in
the frequency range under consideration, the symmetric mode is practically non-dispersive. The antisymmetric mode
velocity, on the other hand, cannot be greater than the symmetric mode velocity.

6.0
5.5
—_—
2
5
=
g
- 5.0
=y
o~
2
L~
>
4.5
—#— AUTExperimental (Upper Surface)
—B— AUTExperimental (Lower Surface)
-~ 4 - Analytical/Theoretical
4.0
100 200 300 400 500 600 700 800 9200 1000
Frequency (kHz)
Figure 4 Dispersion of the symmetric plate wave velocity with frequency
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Figure 5 Dispersion of the anti-symmetric plate wave velocity with frequency

From the experimental results, similar pattern can be obtained. The observed velocities in the specimen for a frequency
range from 150kHz to 1 MHz are shown in Fig. 4. From the readings, dispersion of symmetric modes for both the
surfaces was calculated and compared with the model. The values obtained experimentally were lower than those
expected analytically. The experimental average values were around 6.7% lower than analytical results. Similarly, the
trend was the same in both within the same frequency range. Hence, symmetric mode was almost non-dispersive in the
frequency range studied. Also, the out-of-plane propagation velocity of the plate wave was the same on the top surface
of the wave as that on the bottom surface. To determine whether this was valid or not, the whole series of experiments
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were performed or repeated on the opposite surface of the specimen. The same contact pressure of 0.072 MPa was
maintained throughout the process. The observed velocities on the lower and upper surfaces of the specimen were
nearly identical (Fig. 4).

As depicted in Fig. 6, the peak amplitudes were identical on both bottom and top surfaces of the plate. The attenuation
was responsible for the decrease in peak amplitude, as the frequency of the signal increased. Therefore, it can be stated
that a plate wave was produced under the AU configuration and experimental set-up, as shown in Figs 1 -2, respectively.
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Figure 6 Peak amplitude of received wave on both upper and lower surfaces of the Al6082- T6 specimen

Moving forward, the centroid frequency of the received signal was nearly exactly the same as the input signal on both
surfaces (Fig. 7). The fast Fourier transform spectrum of the received signal revealed that all frequency portions were
eliminated with exception of the central frequency. Consequently, it can be inferred that the wave travelled through the
material without exhibiting any significant dispersion in the frequency range under consideration.
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Figure 7 Variation in the frequency of received wave with emitted wave

Fig. 8 shows that the wavelength of the Lamb wave decreased as the frequency increased Over the studied frequency
range, the wavelength decreased from 27.08 to 3.92 mm and 23.40 to 4.10 mm for the top and lower surfaces,
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respectively. Nonetheless, the lowest wavelength was higher than the plate thickness of 2 mm, demonstrating the
validity of the experiment. Besides, at the input frequency of 200 kHz, the wavelengths were 17.57mm and 15.60 mm
for the upper and lower surfaces, respectively. These data are relevant to pick a defect detection frequency for the
material, since the capacity of the technique to detect flaws increased as the wavelength decreased [28].
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Figure 8 Wavelength as a function of frequency

3.2. Attenuation in AU technique testing

In any materials, attenuation occurs as a result of the absorption and scattering of energy when the wave propagates
through the medium. The peak amplitudes of the received signal at 60 mm and 120 mm sensor spacing were used to
calculate the attenuation in the isotropic material, as a function of frequency in the isotropic material. A total of 18
measurements were obtained at each position for both upper and lower surfaces at each frequency to increase accuracy.
Then Eq. (1) was incorporated to get the attenuation coefficient.
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Figure 9 Attenuation coefficient as a function of frequency for implementing AU technique for an isotropic Al6082-T6
material
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Fig. 9 shows that the obtained attenuation coefficient was dependent on the frequency being monitored. An assessment
of linear regression was carried out on the data for both surfaces as shown in Fig. 9. There was a linear relationship
between the attenuation coefficient and the frequency, based on the information. The attenuation coefficient rises as
the frequency of the signal increases.

4. Conclusions

AU wave propagation in an isotropic Al 6082-T6 plate has been experimentally and analytically investigated. With the
implementation of the AU technique to the aluminium specimen, the primary wave generated was a symmetric Lamb
wave. Attenuation played a significant role during the experimentation, because it was evident that peak amplitude
decreased with an increase in the frequency. This established that plate waves could be generated with the application
of AU technique. A plate wave with a wavelength as short as 3.92 mm for the specimen could be created without
considerable dispersion, up to 1 MHz.

Finally, the experimental wave velocity curve followed the predicted trend by the analytical model, though there was a
variation of 6.7% numerically. However, the symmetric plate waves were appreciably non-dispersive. Therefore, it can
be concluded that AU technique generated a Lamb/plate waves without dispersion, which was desired. The attenuation
increased with the frequency, showing the influence of reflection of waves from the plate’s edges.
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