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Abstract
Ultrasonic signal enhancement resulting from constructive interference between direct Rayleigh waves and same waves
reflected by a surface defect is exploited to increase crack identification capabilities of the Gas-Coupled Laser Acoustic
Detection (GCLAD) non-contact detection technology. Highlights from simulations are provided regarding the interference
phenomenon in the solid and its propagation in air, whereGCLADdetection occurs. Experimental campaigns are preliminarily
performed on a bar to evidence the effect of cracks on the GCLAD acquired signals. Then, a signal enhancement of +30%
is reached on a plate, implying that defects are efficiently scanned by moving the GCLAD in proximity of the discontinuity.
Since the GCLAD allows monitoring points of a piece belonging to the same line at once, its translation in one direction is
sufficient to perform a two-dimensional scan, entailing reduction of inspection time and simple automation of the interrogation
layout compared to other traditional or signal enhancement-based techniques.

Keywords Surface acoustic wave (SAW) · Non-contact detection · Constructive interference · Rayleigh wave · Line
inspection · Plate inspection

1 Introduction

Surface acoustic waves (SAWs) are remarkably interest-
ing for the non-destructive inspection of components and
the detection of surface defects. In mechanical compo-
nents where bending stresses are predominant like railway
axles [1–4], surface defects represent the greatest critical-
ity because of their propensity to propagate when subjected
to fatigue states. Inspection by SAWs generally occurs in
pulse-echo or pitch-catch mode. These inspection modes are
typically eased by employing non-contact detection devices
to rapidly scan extended surfaces. For instance, optical gen-
eration and detection of ultrasound respectively by pulsed
lasers and interferometers are well-established and efficient
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[5]; interferometers are however unsuitable to inspect poorly
reflecting surfaces. Electro-Magnetic Acoustic Trasnsducers
(EMATs) are a cost-efficient, compact alternative to optical
devices. Still, the EMAT liftoff distance from the surface
to be interrogated must be minimized to result in sufficient
emitted/received ultrasonic amplitude (unfeasible in case of
limited accessibility to the component); additionally, EMATs
are applicable to conductive materials only and a proper opti-
mization of their constitutive elements is required to counter
their native transduction inefficiency [6–11]. In contrast, Air-
CoupledTransducers (ACTs) can be applied to the inspection
of whichever material, but generation and detection of the
waves occurs in air with significant energy loss along the
propagation path [12,13].

Inspection by these devices often involves scanning the
surface of the component by moving both emitter and detec-
tor, with appropriate mutual spacing, along one direction.
However, for defects far below the wavelength of the inci-
dent SAW, a significant part of the wave energy overcomes
the defect. In both pulse-echo and pitch-catch mode, the
defect is difficult to detect [14]. This drawback is accentuated
when the distance between receiver and emitter increases,
so that such distance should be limited. The use of higher
frequencies, while reducing the wavelength and the size
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of the smallest detectable defect, increases the attenuation
of the wave and consequently reduces the employable dis-
tance between emitter and receiver. Inspecting an extended
region generally requires multiple scans, moving the sys-
tem in the two orthogonal directions x and y. Inspection by
guided waves represents an exception to such rule, allowing
defect detection in arbitrary positions even without moving
the source or the detector; nevertheless, this typically applies
to low thickness pieces like pipes or thin plates, in which
SAWs typically travels a long path without significant atten-
uation [15,16].

When inspection by SAWs is applied to a specimen in
which a surface defect is present, constructive interference
occurs at specific locations between the direct SAW and the
same wave reflected by the crack flank, independently from
the employed type of source or receiver. A signal enhance-
ment effect is hence triggered,which favours identification of
defects which are much smaller than the employed acoustic
wavelength λ [14,17]. The signal enhancement effect repre-
sents awell-established concept in the non-contact ultrasonic
inspection literature, especially for microcrack identification
purposes. Kromine et al. [18,19] first highlighted the phe-
nomenon employing a pulsed laser for excitation and an
interferometer for detection, providing a first example of the
Scanning Laser Source (SLS) technique where the defect is
scanned by the emitter (i.e., the emitter is moved in the defect
proximity); a piezoelectric contact probe was also employed
for the reception of Rayleigh and Lamb waves with λ=0.6
mm to identify surface cracks with a depth ranging between
0.06 mm and 11 mm, as well as a notch on a turbine disk.
While Kromine et al. [19] reported an enhancement fac-
tor of two in correspondence of the crack, Blackshire and
Sathish [20] subsequently reached an enhancement factor of
four in case of Rayleigh wave excitation with λ=0.3 mm
by a piezoelectric contact probe and identification of defects
with a depth down to 0.25 mm. From that moment, several
analyses followed employing different strategies to exploit
the signal enhancement effect: Boonsang and Dewhurst [21]
first employed an EMAT as a receiver of Rayleigh waves
to detect a 0.5 mm long and 1.5 mm deep normal surface
slot (λ=2.6 mm); Arias and Achenbach [17] introduced the
concept of Scanning Laser Line Source (SLLS) in which the
source laser spot of a typical SLS is focused on a line: by this
solution, interaction between the thermally-induced elastic
field and a finite length defect can be thoroughly studied by
schematically referring to a simple 2D problem. Using the
SLLS approach, Sohn and Krishnaswamy [22] detected 0.5
mm wide and 2.5 mm deep normal surface slots by λ=0.3
mm Rayleigh waves, with an amplification factor of 2.5. In
several campaigns, Edwards et al. [23,24] employed EMATs
as both receivers and emitters to detect 2.5 mm deep sur-
face slots by Rayleigh waves with λ=5.3 mm, moving the
receiver over the defect.

Using the SLLS in a configuration in which source and
receiver are inverted, Dutton et al. [25] demonstrated that
scanning the crack by the source is unbeneficial for the iden-
tification of angled defects: contribution of surface skimming
longitudinalwaves (SSLWs), generated bymode conversions
in the proximity of angled defects, adds to constructive inter-
ference and solely if the source is close to the discontinuity;
in fact, SSLWs sustain significant attenuation in a narrow
path and do not typically reach the detector with significant
energy, should the latter be placed far from the crack. Dutton
et al. [25] reached an enhancement factor of approximately 12
in case of a defect inclined of 30◦ with respect to the surface,
identifying 2 mm deep and 0.5 mm wide cracks by Rayleigh
waves with λ = 2.2 mm. In the study by [26], a pulsed laser
was employed as a source and moved over the defect, while
a focused ACT monitored the propagating Lamb waves with
λ=16 mm, enhanced by a 0.5 mm deep surface breaking
fatigue crack. Rosli et al. [27] then detected 1 mm deep and 1
mmwide angled defects by the samemethod,while Zhou and
Xu [14] evidenced 0.1 mm deep normal surface defects by
Lambwaveswithλ=6mmscanning the defect by the source.
In two separate analyses, Trushkevych and Edwards [28,29]
finally demonstrated that normal surface cracks or thermal
fatigue cracks with a depth comprised between 0.5 mm and
2 mm can be evidenced by Rayleigh or Lamb waves, both in
coated and uncoated samples. Based on the reported litera-
ture review, it is hence derived that no in-depth analysis exists
on non-contact detection in air of enhanced Rayleigh waves,
and more specifically considering that the defect should be
preferably scanned by the receiver rather than the emitter (as
suggested by [25,30]). Still, as will be demonstrated, refrac-
tion of interference-enhanced waves from a solid results in
peculiar ultrasonic patterns in air, involving a high detec-
tion efficiency only for limited values of the detector liftoff
distance from the specimen surface.

One example of optical methods for non-contact detection
of ultrasonic waves is represented by Gas-Coupled Laser
Acoustic Detection (GCLAD) [31,32]. The GCLAD tech-
nique is based on the displacement and deflection of a laser
beam intersecting fluid regions with refractive index varia-
tions, which are caused by the refraction of the ultrasonic
wave in the fluid itself (primarily air). The overall deviation
of the GCLAD probe laser beam is detected by a position-
sensitive photodetector [33,34]. This technique is relatively
simple from the required instrumentation standpoint, has the
advantage of being negligibly influenced by the finishing or
reflectance of the component’s surface and demonstrates a
sensitivity comparable to a Fabry–Perot confocal interfer-
ometer [35]. Even if the characteristics of the technique
and the suitability for defect detection have been recently
demonstrated through the analysis of various experimental
configurations by [36,37], the GCLAD device currently fea-
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tures a low signal-to-noise ratio which limits its application
range from an industrial perspective.

The technique can be employed in various arrangements
of the laser beam with respect to the SAW propagating in
the component, also depending on the geometry of the piece
[36]. Some layouts for the laser beam with respect to the
component allow a line inspection, i.e., to detect whichever
defect present along a complete line of the piece without
the need to perform a scan with the source/receiver along
that line. This peculiarity makes the approach potentially
advantageous compared to techniques where an x–y scan of
the entire surface is required, as only scanning along one
direction of the piece is needed. In addition, exploitation
of the signal enhancement effect is potentially beneficial to
contextually increase the response of the GCLAD, enabling
augmented sensitivity to surface defects.

This work aims to demonstrate the potential and limits
of the GCLAD technique for the inspection of plane compo-
nents withwide surfaces, e.g., employable for themonitoring
of bars, plates or axisymmetric components (like axles or
shafts). The GCLAD detector is moved in proximity of the
defect, coherently with the indications by [25,30]; enhanced
Rayleigh waves are detected in air after propagation in a steel
bar and plate, in which artificial surface defects have been
machined. Sensitivity of the technique for defect detection is
highlighted, as a function of crack position and dimension.
A brief overview of the system’s operating principle and fea-
tures is initially provided. Then, the materials and methods
for the inspection of steel bars and plates are introduced and
the inspection results subsequently highlighted; in the pro-
cess, simulation results are also presented highlighting the
currently unexplored translation of the signal enhancement
effect froma solid to afluid domain,whereGCLADdetection
is performed. Section 5 finally remarks the novel elements
of the research based on the obtained results.

2 GCLAD Technique

The probe beam deflection or Gas-Coupled Laser Acoustic
Detection (GCLAD) technique [34,38] relies on the deflec-
tion and displacement sustained by a laser beam while
travelling into a fluid domain, based on the variation of the
refractive index present in the samefluid. Such a variation can
be associated with an acoustic wave propagating in the fluid,
which determines a variable pressure field and a consequent
variation in the refractive index [39]. A position-sensitive
photodetector detects the displacement and/or deflection of
the laser beam caused by the pressure field and converts
those elements into a deviation-proportional voltage [38].
The position-sensitive photodetector is constituted of two
physically separated cells, which are differently radiated by
the beam based on the displacement it sustains; at each

Fig. 1 A continuous wave modulable laser emits a beam which is ini-
tially displaced (xs length) and then deflected (x1 length) by the variable
pressure field p(z, t). The overall displacement�z along thewave prop-
agation direction (z) is detected by a position-sensitive photodetector

instant, the radiation energy difference between the two cells
provides the signal outputted by the detector.

Let us consider a sinusoidal pressure field generated by
an acoustic wave propagating along the z direction, starting
from a component/fluid interface:

p(z, t) = kρ0c
2δ sin(kz − ωt)e−αz (1)

where ω represents the angular frequency of the acoustic
wave, c its speed in the fluid, k its wave number ω/c, α

its attenuation coefficient in the fluid, ρ0 the density of the
unperturbed fluid, z the distance from the component’s sur-
face (which represents the condition z =0), and δ the surface
displacement (generating the ultrasound in the fluid). Refer-
ring to Fig. 1, starting from the eikonal equation [40], the
displacement�z in correspondence of the photodiode for an
infinitely small optical beam (propagating along x perpen-
dicularly to the planar pressure wave of Eq. 1) is obtained:

�z = 2π2 (n0 − 1)

c2n0
δ f 2x2s cos (kz0 − kct) + θx1 (2)

where n0 is the refractive index of the unperturbed fluid, z0
the z position of the unperturbed laser beam, f the main fre-
quency of the acoustic wave and θ the deflection angle (i.e.,
θ = d(�z)

dxs
). Hence, in this classical configuration, sensitiv-

ity for an optical beam �z/δ increases as several parameters
are increased, i.e., the length of the acoustic pressure field
xs to which the laser beam is subjected, the distance from
the photodiode x1 and the acoustic wave frequency f . The
expression is valid in the situation where the width of the
optical beam is negligible compared to the acoustic wave-
length. If not, the finite beam size reverses the behavior: a
higher response for high acoustic wavelengths is observed,
the beam diameter being the same [41]. As a non-contact
detection device, GCLAD can sense variations in the refrac-
tive index associated with ultrasound induced by different
types of contact or non-contact sources, like continuouswave
lasers [42–46] or contact piezoelectric probes [37].

To obtain a response which is independent of the distance
x1, it is possible to employ the arrangement highlighted by
[33] (Fig. 2) in which a focusing lens is placed before the
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Fig. 2 GCLAD arrangement with a focusing lens placed at a distance
x0 from the photodetector, to make the system response independent of
the x1 length

photodetector. In such manner, it is possible to actually nul-
lify the influence of deflection sustained by the beam on the
detected signal; by this configuration, indicating as x0 the
distance between the focusing lens and the photodetector,
the response is in fact [39]:

�z = θx0 (3)

Performance analysis for the system can undoubtly benefit
from the configuration in Fig. 2, enabling isolation of the
sole deflection contribution and making the system response
more comparable among different experimental layouts. If
not otherwise specified, the results reported in the following
are obtained with the GCLAD configuration in Fig. 1 (no
focusing lens).

3 Materials andMethods

The GCLAD system has been applied to observe the signal
enhancement effect caused by interaction of Rayleigh waves
with defects in the far-field. Specifically, a piezoelectric con-
tact probe is placed on an inclined plexiglass wedge so that

only Rayleigh waves can be excited inside steel specimens
(a bar and a plate). These waves are subsequently refracted
along their path from the solid surface to the fluid domain,
represented by air; since the thickness of the samples more
than doubles the acoustic wavelength in the solid, Lamb
waves are not triggered inside the pieces.

The experimental arrangement for investigation on a bar
is illustrated in Fig. 3. The laser beam is translated along the
positive and negative direction of the x axis, the origin of
which is fixed at the centre of the defect. Since interaction
between cracks and ultrasound is significantly affected by the
mutual orientation between crack flank and wave propaga-
tion direction [47], tests have been performed as the angle β

between the bar and the direction of the GCLAD laser beam
is varied. The laser beam is arranged parallel to the surface of
the bar, at a variable height d (liftoff distance). The distance
between the laser and the photodetector is 85 mm, while the
centre of the bar is placed 14 cm away from the beam exit
of the laser diode. The test piece is an S355 structural steel,
12 mm thick bar, with dimensions 520 x 70 mm2. The defect
consists of a 1 mm thick machined cut with an elliptical sec-
tion, with a minor semi-axis (depth) of 3 mm and a major
axis (length) of 20 mm; the width of the crack (separation
between its side surfaces) is equal to 1 mm.

The GCLAD technique has been subsequently applied to
scan a plate on which artificial defects have been machined.
The plate is 12mm thick, 500 x 400mm2 in size, andmade of
S355 structural steel. Four artificial defects have been trig-
gered in the positions indicated in Fig. 4. The defects are
nominally identical to those machined on the bar. For each
y position of the piezoelectric probe, a single scan has been
performed in the x direction by the laser probe beam.

The ultrasound is excited by a Panametrics contact piezo-
electric probe with a frequency of 500 kHz and a 25.4 mm

Fig. 3 Experimental layout for
the observation of the signal
enhancement effect caused by
the interaction between
Rayleigh waves and surface
defect on a bar, by moving the
GCLAD detector in the defect
proximity. Rayleigh waves are
in this case obtained by a
piezoelectric contact probe
mounted on an angled plexiglass
wedge support; the
configuration allows analysing
the effect of the mutual
orientation β between crack
flank and Rayleigh wave
propagation direction in the
solid

123



Journal of Nondestructive Evaluation (2021) 40 :85 Page 5 of 12 85

Fig. 4 Plate with positions of four artificial defects; the GCLAD device
translates along the x axis, while the piezoelectric contact probe is
moved along the y axis

diameter, with a 600 kHz bandwidth. For the excitation of
Rayleigh waves, a Panametrics plexiglass wedge support
is employed. The Rayleigh wavelength in steel is about
5.7 mm, higher than the depth of the artificial defects cre-
ated in the test pieces. The laser employed is a TOPTICA
iBeam Smart 640 with a power of 2 mW, wavelength equal
to 640 nm, and beam at the exit of the device collimated
on a 1.2 x 0.7 mm2 elliptical spot (measured by a beam
profiler). The employedphotodiode for theGCLADphotode-
tector is a Red Enhanced Quad Cell Silicon Photodiode (SD
197-23-21-014) developed by Luna Optoelectronics. The
signal acquisition from the photodiode is synchronized with
the excitation of the piezoelectric probe. The signal hence
obtained is pre-processed with a Brüel & Kjær 2638 wide-
band signal conditioning. The filter is a bandpass filter from
300 kHz to 2 MHz.

In Fig. 5, the experimental layout for plate inspection is
highlighted. The plate is unpainted; nonetheless, sensitivity
of the GCLAD device would not be affected by the painting
or coating presence: ultrasonic detection occurs in air, so that
the optical properties of the surface would not influence the
response as for detection by other optical devices [35,36,41].
In this case, however, attenuation by the coating or painting
stratum would necessarily result in a decrease in the ultra-
sonic wave amplitude [28]. No information is available on
how the system would perform in different environments,
for instance considering weather influence; currently, even
if signal amplitudes are comparable to those from an ACT
[37], additional optimizations from an electronics and a sen-
sitivity standpoint are required for the GCLAD to become
as reliable as other non-contact detectors like interferome-

Fig. 5 Experimental layout for the steel plate inspection; the dashed
rectangles represent locations of the artificial cracks

ters for inspection practices: the low signal-to-noise ratio is
currently the main factor preventing GCLAD application to
industrialized contexts.

4 Signal Enhancement

The results of tests performed to verify the signal enhance-
ment effect by the GCLAD in the defect proximity (caused
by the interaction of Rayleigh waves with the defect itself)
and to assess performances in plate inspection tasks are sep-
arately provided.
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Fig. 6 Signal acquired in the
position x = 80 mm with β = 0

4.1 Signal Enhancement Effect on a Bar

Initially, the tests of Fig. 3 have been performed with β =0,
i.e., with the laser beam aligned along the y direction per-
pendicular to the Rayleigh waves aligned along x (emitted
by the piezoelectric probe). The defect is aligned along the
y direction of the laser beam. In this case, the echo caused
by the interaction of the Rayleigh waves with the defect also
reflects in the direction perpendicular to the laser beam. Fig-
ure 6 shows a signal detected at the position x = 80 mm.
When the laser beam is far from the defect, the first received
wave pattern relates to the direct Rayleigh waves generated
by the piezoelectric probe; the echo is detected later and,
as the defect approaches, it is mixed with the direct wave
pattern.

The wave emitted by the piezoelectric probe and the wave
reflected by the defect are both refracted in air, with an angle
of 6.8 and –6.8 respectively, as depicted in Fig. 7.

The refracted waves overlap creating zones of construc-
tive and destructive interference, varying in both time and
space. Figure 8 shows a simulation of Rayleigh wave inter-
action with the discontinuity, in which the fluid (air) region
of constructive and destructive interference near the defect
is visible. The simulation duplicates the layout of Fig. 7
for the 2D solution of the visco-elastic linear wave propa-
gation problem. The Wave2000©1 special-purpose software
is used to simulate the propagation of longitudinal waves
in the plexiglass wedge, whose mode varies at the interface
with the metal component giving rise to Rayleigh waves.
The wave excited by the probe consists of an exponentially
damped pulse: in five periods, the amplitude of the 500
kHz oscillation is reduced to 10% of its maximum value.
Rayleigh waves propagate until the defect is reached, which
is overcome only by a minor part of the vibrational energy
(low amplitude): this is because the crack depth is slightly
lower than the ultrasonicwavelength. ThefirstRayleighwave

1 Wave 2000, http://www.cyberlogic.org/scripts/CL_Download.php.

Fig. 7 Scheme of direct waves and waves reflected by the defect,
refracted in air

oscillations reflected by the defect interfere with subsequent
oscillations, first constructively (generating the B zone with
high ultrasonic amplitude near the defect) and then destruc-
tively (low amplitude zone, A). The ultrasonic amplitude in
the B zone decreases as the distance from the component’s
surface increases. While the related literature comprises in-
depth studies regarding the signal enhancement phenomenon
as it occurs in the solid, the present analysis demonstrates that
such an effect also transmits from a solid domain to the sur-
rounding fluid; this allows highlighting and exploiting the
signal enhancement effect even when ultrasonic detection
is performed in air rather than in the solid. The retrieved
information regarding the simulated waveforms additionally
enables proper interpretation of signals obtained in exper-
imental campaigns. For instance, considering the B zone
alone, it is expected that the amplitude of the waves will
be high only for a limited liftoff d of the GCLAD laser beam
with respect to the solid surface: over a d value of 3 mm,
oscillations in air feature limited amplitude, even in the con-
structive interference zone.

Moving theGCLAD laser beam near the defect, it is there-
fore expected that the amplitude of the signal will change.
Figure 9 shows the trend in the signal peak-to-peak amplitude
received at the photodetector in the experimental campaign,
as a function of the x coordinate for various distances d of the
laser beam from the bar surface. In particular, the signal part
analysed is that relating to the first packet of received waves
(direct Rayleigh wave). Approaching the defect (decreasing
positive x), the signal amplitude slightly decreases first. This
is caused by the fact that the Rayleigh wave scatters while
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Fig. 8 Wave2000© simulation
of the experimental layout in
Fig. 7: the 500 kHz probe excites
a longitudinal wave in the
plexiglass, which changes the
mode at the interface with the
metal component. The resulting
Rayleigh wave reaches the crack
and generates regions with low
(destructive interference, A),
high (constructive interference,
B), very low (in correspondence
of the crack, C) and again low
(crack overcome, D) ultrasonic
amplitude

Fig. 9 Trend of the signal peak-to-peak amplitude as the x coordinate
changes, for liftoff values d between the laser beam and the bar surface
equal to 6.5 mm, 3 mm, and 1 mm

moving away from the source, obviously affecting also the
refracted wave which interacts with the laser beam. In the
defect proximity, the laser beam is located in the interfer-
ence zone of the refracted waves, with an amplification effect
of the signal immediately in front of the defect. Overcom-
ing the defect, the signal attenuates sharply because of the
Rayleighwave reflection on the defect itself. Passing to nega-
tive x coordinates, the signal amplitude gradually gets back to
stable values which are lower than those for positive x coor-
dinates. Evidently, the signal amplification effect depends on
the distance d between the laser beam and the piece surface,
decreasing as d increases. Compatibly with the simulation
results reported in Fig. 8, the maximum value of the peak-to-
peak amplitude significantly decreases for d values higher
than 3 mm in the constructive interference zone. A signal
enhancement factor of 1.3 is achieved in the constructive
interference zone, i.e., 750 mV versus 580 mV in case of
crack absence and acoustic wavelength of 6.2 mm. Even if
similar curves can be found in the literature [19,23], none of
them refers to ultrasonic detection in air.

This phenomenon cannot be highlighted by traditional
detection devices, like contact or air-coupled probes: the
effect involves an extremely limited metal-air region near
the defect, specifically with a width equal to half the ultra-
sonic wavelength (the low amplitude zone is generated from
destructive interference between ultrasound at the same fre-
quency, but with opposite phase). For such reason, it is
necessary to rely on punctual transduction methods like
interferometric sensors or, as in this case, GCLAD; if ele-
ments wider than the acoustic wavelength (such as traditional
probes) are employed, oscillations in low and high amplitude
zones are mediated so that information loss results.

The signal enhancement effect is attenuated as the incli-
nation of the defect with respect to the GCLAD laser beam
increases, i.e., as the angle β increases. Figure 10 shows the
trend in the peak-to-peak amplitude of the signal as a func-
tion of both β and the distance x from the defect, measured
by placing the laser beam at a liftoff distance of 3 mm from
the piece surface. This phenomenon is caused by two diverse
instances:

a for x = 0, the laser beam intersects the defect at its mid-
point, and because the defect is unaligned with the beam
direction, part of the beam is in the high amplitude region
and another part is in the low amplitude region. The shift
of the laser beam in correspondence of the photodetector,
based on Eq. 2, is the integral of all movements sustained
along its path. An averaging effect is hence observed;

b when the defect is angled with respect to the laser beam
direction, the latter no longer lies on the plane of the echo
wavefront in air; the beam can subsequently intersect
multiple wavefronts. Again, the averaging effect caused
by the integral of the displacements sustained by the beam
along its path reduces the total displacement: the pressure
gradient encountered by the beam varies, also reversing
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Fig. 10 Trend in the
peak-to-peak amplitude as a
function of the β angle and the x
distance between defect and
laser beam

in sign as it completely crosses a period of the wave,
according to Eq. 2.

In Fig. 11, the trend in the peak-to-peak amplitude is
reported, obtained when the laser beam is placed at x =1
mm as a function of β. The laser beam distance from the
piece surface is 3 mm. When a β angle higher than 45◦ is
reached, the signal-to-noise ratio gets close to 1 and the sig-
nal cannot be distinguished from noise. The decrease in the
signal amplitude occurs because of the two above reported
mechanisms (a) and (b).

In Fig. 12, the trend in the peak-to-peak amplitude for the
signal received positioning the laser at x =80mm is reported,
as a function of the β angle. In this case, the reduction in the
signal amplitude as β increases depends on the b) mecha-
nism only. At such distance from the defect, the echo from
the defect is also identifiable (Fig. 6), whose attenuation as
the β angle varies is also reported in Fig. 12. It is evident
that the echo amplitude is similar to that of the direct signal,
apart from a scaling factor. Such an overview demonstrates
that defects can be detected also in case of non-orthogonal
orientation between the crack flank and the Rayleigh wave
propagation direction; the above cited effects a) and b) how-
ever limit crack identification to values of β ranging between
-45◦ and 45◦.

4.2 B-Scan of a Plate

The signal enhancement effect canbe advantageously employed
for defect detection as it allows observing sudden amplitude
variations of the first detected wavefront while the receiver
position changes, instead of looking for defect-related echoes
[14]; the defect echoes, in fact, often hide among spurious
echoes associated with other wave paths within the compo-
nent. If the distance between source and receiver is high, the
signal amplitude is comparable to the original signal without
defect even with the classical pitch-catch technique (consid-
ering the attenuation of waves in the material). Hence, small
defects are not easily detectable by the traditional pitch-catch

Fig. 11 Trend in the GCLAD amplitude acquired for x =1 mm as a
function of the β angle

mode nor the pulse-echo mode. The signal enhancement
effect, conversely, allows effectively detecting defects whose
depth is even lesser than thewavelength of theRayleighwave
[17].

As an example of application of the GCLAD technique,
a plate has been scanned according to the scheme in Fig. 4.
Figure 13 shows the B-scan of the plate, where the peak-to-
peak amplitude is reported for each x–y coordinate of the first
wave pattern received by the photodetector. The piezoelectric
contact probe has been positioned at the y =0mmcoordinate,
while the GCLADhas beenmoved along the x direction with
a step of 1mm, acquiring the signal at each translation. At the
final x coordinate (x =400 mm), the piezoelectric probe has
beenmovedwith a step of 5mm in the positive y direction and
the procedure has been repeated moving the GCLAD device.
Iterations have been performed until all x and y coordinates
have been covered by the GCLAD device and the piezoelec-
tric probe, respectively. Variations in amplitude when the
laser beam position corresponds to the defect allow clearly
highlighting the presence of the defect itself. In particular, the
signal intensification immediately before the defect and the
sudden reduction after the defect are both evident; the high-
est signal enhancement factor obtained in correspondence of
the crack is equal to 1.3 for λ=6.2 mm (as in the case of
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Fig. 12 Trend in the GCLAD amplitude of both direct wave and echo
for x =80 mm as a function of the β angle

bar inspection), for the defect positioned at the maximum y
coordinate.

Although the defects are nominally the same, the variation
in signal amplitude is different depending on the position of
the defect in the plate. This is caused by the fact that each
position of the defect corresponds, in the adopted scanning
scheme, to a different value of x1 (see Fig. 4); therefore,
based on Eq. 2, a different laser beam displacement value in
correspondence of the photodetector is associated with each
crack position. It is observed that the value of xs , which also
influences the response of the GCLAD system based on Eq.
2, remains unchanged for the various defects: the laser beam
portion affected by the air-refracted echo wave has always
the same width, equal to about the defect width (20 mm).

To obtain a response of the GCLAD which is indepen-
dent of the defect position, the layout with a focusing lens
shown in Fig. 2 can be employed. Figure 14 shows the result
obtained by scanning the plate introducing a focusing lens
inside the GCLAD layout. From a comparison between Figs.
13 and 14, it is highlighted that exclusion of the displacement
contribution by the lensmodifies the signal amplitude, lower-
ing the maximum signal enhancement factor towards a value
of 1.2 (λ=6.2 mm).

The evidenced signal enhancement factors are in line with
those reported on aluminium plates by [28], who employed
EMATs for both emission and detection of Rayleigh waves
and scanned the defect by the detector; from this standpoint,
detection in air rather than in the solid does not appear to
affect the signal enhancement factor, but a higher crack depth
has been here analysed (3 mm instead of 1.5 mm) as well as a
lower λ (6.2 mm instead of 15 mm). Referring once again to
the considered crack depth, it is similar to that investigated by
[22] (by a lower acoustic wavelength of 0.3mm); still, it does
not reach the levels of the cracks explored by [19,20,28], for
instance down to 0.5 mm deep with a λ of 8 mm [29]. Dhital
and Lee [26] also found that almost closed cracks being 0.02
mm wide can be identified by a pulsed laser-focused ACT

apparatus, in which enhanced Lamb waves with λ=16 mm
could be detected by overcoming the defect with the emitter.

Even if a lower wavelength has been considered in the
present study and defects have reduced length compared to
those identified by [22,23,25], the aim is not to devise a
solution featuring superior crack identification performances
compared to other signal enhancement-based techniques.
Theobjective is towiden the application rangeof theGCLAD
technique, which is currently unestablished in industrial con-
texts because of the limited signal-to-noise ratios; based
on the provided experimental evidences, it is demonstrated
that exploitation of the signal enhancement phenomenon can
be beneficial to increase sensitivity of the GCLAD device:
surface cracks can be efficiently identified in the scanning
process of components mainly extending in two dimensions,
with an enhancement factor ranging between 1.2 and 1.3 for
an acoustic wavelength equal to 6.2 mm. In addition, time
and automation required for the inspection are reduced com-
pared to other signal enhancement-based methodologies: the
GCLAD device allows inspecting all points on a line at once,
requiring to move the system in a single direction only to
perform an x–y scan. Finally, it has been for the first time
demonstrated that the signal enhancement effect can be high-
lighted also in air if the defect is scannedby the detector rather
than the source, as suggested by [30,48].

5 Conclusions

The present work highlights how constructive interference
phenomena among direct and reflected Rayleigh waves in
the vicinity of surface defects can be employed to increase
the response of the Gas-Coupled Laser Acoustic Detection
(GCLAD) device. This effect can be suitably employed for
the identification of surface defects on a mechanical com-
ponent which mainly extends in two dimensions, like metal
plates and axisymmetric elements: by a numerical approach,
it has been qualitatively demonstrated that constructive inter-
ference between direct and reflected Rayleigh wavefronts
propagating on the piece surface also translates in air, domain
in which GCLADdetection occurs. An increase in the ampli-
tude of the ultrasound refracted in air equal to 30% compared
to the case of direct wave has been experimentally estimated
near the defect for a wavelength of 6.2 mm. By continu-
ously monitoring the changes in the amplitude of the direct
wave, rather than searching for defect echoes often mixed
with other ultrasonic paths inside the component, it is hence
possible to unambiguously identify the position of the dis-
continuity. Since the GCLAD device enables line detection
of waves propagating in the piece, its employment in a 2D
monitoring process entails itsmovement along a single direc-
tion; decrease in inspection time and simplification of the
interrogation layout are hence expected compared to tradi-
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Fig. 13 Results from the plate
x–y scanning using the GCLAD
configuration in Fig. 1 (no
focusing lens); variations in the
peak-to-peak amplitude are
evidenced in proximity of the
defects

Fig. 14 Results from the plate
x–y scanning using the GCLAD
configuration of Fig. 2 (focusing
lens positioned before the
photodetector); variations in the
peak-to-peak amplitude with
similar modulus are evidenced
in proximity of the defects

tional pitch-catch or pulse-echomodes, aswell as other signal
enhancement-based methodologies.

Signal enhancement factors similar to those from the
available literature have been retrieved, as well as coherent
dimensions for the identified cracks. While allowing 3 mm
deep cracks to be highlighted in plates, the system is sen-
sitive to the mutual orientation between defect surface and
propagation direction of the GCLAD laser beam: the signal
enhancement effect cannot be highlightedwhen angles above
45◦ are reached. The study also demonstrates that scanning
the defect by moving the detector (rather than the source) in
positions close to the defects allows for crack identification,
employing Rayleigh waves that are detected after refraction
from the solid into the air.

The GCLAD technique represents a valid alternative for
the detection of cracks through the proposed methodology,
on components primarily extending in two dimensions; this
is reflected in the possibility to both increase the automation
of the inspection compared to classic contact sensors and
leverage completely different physical principles than those
exploited by air-coupled probes, paving theway for newNDT
monitoring methodologies.
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