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Abstract

Measurements using a laser scanning system consisting of a pulsed Nd:YAG laser to generate surface ultrasonic
waves and an interferometer to detect the surface displacement, are presented for different samples and defect
geometries. We show, firstly, details of the interaction of Rayleigh waves in thick samples with machined slots
inclined at an angle to the surface normal, or with simple branched geometries, scanning the generation source
over the defect (SLLS) or scanning the detection point over the defect (SLD). Secondly, we discuss effects of Lamb
waves interacting with V-shaped defects in thin samples. The results from these measurements have shown that
the signal enhancement found in the near-field in both cases can be used to position the defect and gain an idea
of its geometry, and have shown this to be a suitable fingerprint of the presence of the defect.

Keywords: Laser ultrasound, Rayleigh waves, Lamb waves, Non-destructive testing.

1 Introduction

Metals are valuable assets for different types of industries, for instance in the form of containers, pipelines,
railway lines, amongst others. Surface breaking defects in such components are of great concern due to
safety implications; if left untreated the consequences could be disastrous. Examples of typical surface
defects include: rolling contact fatigue (RCF) in railway lines [1] and, stress corrosion cracking (SCC) in
pipelines [2].
Nondestructive testing (NDT) techniques have proved to be key tools for detecting and characterising
such defects, in particularly those techniques that utilise ultrasonic surface waves [3–8]. To a great extent
these works have considered simple defect geometries, typically slots that have been machined at 90◦ to
the sample surface. This will not necessarily be a suitable approximation for all defects; for example,
RCF defects in rails grow at around 25◦ to the surface, or in a branched manner when considering SCC.
We have shown recently that it is important to consider the geometry of the defects, especially when a
slot is propagating at an angle to the surface, since the interaction of the surface wave with the slot will
show dependence on the angle of the defect [7, 8].
Considered here is the effect of the geometry of a defect on its interaction with incident surface waves.
Firstly, we present a series of experiments using thick aluminium samples with RCF-like defects (machined
defect propagating at different angles to the surface), and SCC-like defects (machined defect propagating
normal to the surface with a branch propagating at 45◦ to the defect, at either the opening or half way
down the slot; see detail in figure 1(a)). Secondly, we introduce Lamb wave interactions in aluminium
plate samples containing surface defects (V-shaped machined defect, see detail in figure 1(b)). For each
case, a discussion of the implications of signal enhancements for detecting and characterising surface
defects is also given.

2 Experimental techniques

Experiments were performed using a pulsed Nd:YAG laser source to generate surface ultrasonic waves
(1064nm wavelength and 10ns pulse duration), focused into a line source (approx. 6 mm by 300 µm) as
described in greater detail in [7, 9]. The line source is oriented parallel to the defect, which enhances the
generation of surface waves in a direction perpendicular to the line [10].
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(a)

(b)

Figure 1: Scanning setup for laser generation and detection of: (a) Rayleigh waves on thick aluminium
samples containing angled or branched defects; (b) Lamb waves on plate samples containing V-shaped
defects.

For detection an IOS two-wave mixer laser interferometer system was used [11]. The interferometer is
sensitive to the out-of-plane component of the wave motion with a 200 µm spot-size, and has a band-
width of 125MHz, which allows measurements over a wide range of frequencies. Its continuous wave laser
operates at 1550nm, with a power variable up to 2W, dependent on the sample surface quality. It is
worth noting that the interferometer works on rough surfaces without the need for surface preparation;
this is an advantage when testing industrial samples.
Presented in figure 1(a) is a diagram of the experimental setup that was used to investigate the transmis-
sion and enhancement of Rayleigh waves on a set of aluminium samples of dimensions 50 x 50 x 150 mm,
containing different machined defect geometries. In the case of angled defects, the slots have constant
length (d= 2 mm), and propagate out a range of different angles (θ= 30-150◦). Regarding branched de-
fects, the slots machined straight down into the sample have constant length (d= 2 mm), with a branch
of various lengths (x= 0.5 - 2 mm) propagating at 45◦, starting at either the opening or half way down
the slot. Measurements were carried out using two different configurations: scanning the generation laser
over the defect, while holding fixed the detection point [4, 12]; or scanning the detection point over, while
holding fixed the generation source (SLD) [8, 13].
Presented in figure 1(b) is a diagram of the experimental setup that was used to investigate the impli-
cations of mode-conversion and interference of Lamb waves when the detection point is close to surface
defects on a range of aluminium samples of dimensions 300 x 300 x d mm, where the plate thickness (d)
varies from 0.5 to 1.5 mm. The V-shaped defects were machined for a range of different depths (h), from
5 to 100% of the total plate thickness. Measurements were performed holding fixed the distance between
the generation laser and the detection point, ensuring that attenuation and dispersion of signals were
minimised.

3 Interaction of Rayleigh waves and angled defects

Rayleigh wave enhancement in the proximity of a defect has been considered by several research groups
[4, 5, 12, 14]. It has been shown that, when scanning the generation laser over a 90◦ defect (SLLS), an
enhancement is observed due to constructive interference of the direct and reflected Rayleigh waves, and
that the change in boundary conditions and shape of the generation area also lead to a signal enhancement
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Figure 2: Dependence of the out-of-plane signal enhancement on the angle defect, scanning over the
defect with: (a) laser source (SLS), and (b) laser detection (SLD).

[4, 12]. This enhancement can be used as a fingerprint of the defect position. It is also known that a
surface defect will act as a filter, blocking much of the high frequency waves, while allowing the waves
with longer wavelengths to pass underneath the defect. Hence, in order to characterise the depth of
a defect, the changes in transmission as a function of defect depth, or the changes in the transmitted
frequency content, can be studied [6]. Nevertheless, it is relevant to know the defect angle before applying
a depth calibration, since the transmission shows some angle dependence [7].
A feature that is useful for characterisation of the defect angle is the signal enhancement [4, 14, 8],
which is measured by comparing the peak-to-peak amplitude of the Rayleigh wave when either the laser
generation or the detection point is close to the defect, to the amplitude for both generation and detection
away from the defect.
The behaviour of this enhancement with defect angle (θ) is illustrated in figure 2 for both experimental
configurations: SLS and SLD. For SLS measurements, the enhancement considers interference of the
incident and reflected Rayleigh waves, but also the changes in laser generation shape and boundary
conditions as the laser passes over the crack. However, this leads to only a small angle dependence of the
signal enhancement. On the other hand, the enhancements for SLD measurements show a larger variation
with crack angle, with enhancements of up to 12 times the incident Rayleigh wave amplitude observed
for shallow angled defects [13]. The mechanism for the enhancement for shallow angled defects is due
to the near-field behaviour within the angled defect; as the Rayleigh wave moves into the wedge-shaped
region, the local thickness changes and this will affect what wavemodes can propagate [15–17]. Close to
the opening of a shallow defect the surface waves propagate primarily as S0 and A0 Lamb wavemodes,
with significant A0 amplitude in the out-of-plane, leading to an enhanced signal close to the Rayleigh
wave arrival time. This angle dependence has the potential to be used to characterise the crack angle
and hence identify the correct transmission calibration to use [18].

4 Interaction of Rayleigh waves and branched defects

For some surface defects, an angled slot such as those shown in the previous section, is an appropriate
approximation. However, it is not clear how the branching in a crack of the defect will affect the signal
transmission and enhancement. For this reason we have performed some initial studies of the reflection
and transmission of Rayleigh waves with a slot machined straight down into the sample with constant
length (d= 2 mm), and a branch of various lengths (x= 0.5 - 2 mm) propagating at 45◦, starting at either
the opening or half way down the slot. A schematic diagram of each type of branching can be seen in
figure 1(a).
It is known that, when the detection point is in close proximity to a surface breaking crack, an incident
Rayleigh wave plus a reflected signal are expected to be seen. The reflected signal will depend on the
defect geometry, and this dependency will have and impact on the signal enhancement. As with the
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Figure 3: Enhancement factor of Rayleigh wave as a function of the scan position, for a machined defect
propagating normal to the surface with a branch propagating at 45◦, at either: (a) opening of the slot,
or (b) half way down the slot.

previous section, the signal enhancement is measured by comparing the peak-to-peak amplitude of the
Rayleigh wave when the detection point is close to the defect, with the amplitude for both generation
and detection away from the defect. Figure 3 shows the Rayleigh wave amplitude as a function of the
scan position, for a machined defect propagating normal to the surface with a branch propagating at
45◦, at either: (a) opening of the slot, or (b) half way down the slot. As can be seen, the presence of
a branch at the opening of the slot makes the defect behave like an angled defect, with a large signal
enhancement. However, when the branch is placed half way down the slot, the enhancement looks similar
to that obtained for a 90◦ slot without a branch. Additionally, the length of the branch will influence the
enhancement factor, with longer branches expected to give a larger enhancement.

5 Surface defects and Lamb waves

When considering plate samples for low frequency·thickness values the propagating surface wavemode is
a Lamb wave. It is known that when the generation laser is passing over a defect it will generate higher
order modes than are present away from the defect [19]; these can be used as an indicator of the presence
of a defect. Here, SLD measurements were performed in order to investigate the implications of mode
conversion and interference when the detector is close to the defect. Presented in figure 4(a) is a typical A-
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Figure 4: (a) Multimodal Lamb-wave A-Scan for a 1.5 mm thickness aluminium plate; (b) Group velocity
dispersion curve for Lamb waves in aluminium.
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Figure 5: Time frequency representations with calculated arrival times overlaid, for a 1.5 mm thickness
aluminium plate with 100% through thickness defect, for (c) No defect region, and (d) Enhanced scan
position. A large increase in magnitude of the A0 mode is seen in some regions, and an increase in the
magnitude of the S0 wave is also visible at higher frequencies.

Scan from a SLD measurement, while figure 4(b) shows the calculated dispersion curve for aluminium [15].
It is worth noting that, even though the symmetric and antisymmetric wavemodes are both generated,
the IOS interferometer is sensitive to out-of-plane displacements; for small frequency·thickness the S0 is
predominantly in-plane, while the A0 is predominantly out-of-plane.
Close to a surface defect, an analogous signal enhancement to that shown for Rayleigh waves, is present
for Lamb waves. As the detector is scanned across the near field of the defect a set of data is produced
showing the out-of-plane displacement as a function of time. By stacking these A-Scans together a B-Scan
can be produced in order to visually track the wavemodes. However, the interaction between reflected,
mode converted features, and incident wavemode is difficult to quantify due to overlapping modes. Thus,
a time-frequency representation (sonogram) was chosen [20]. Figure 5(a) shows a sonogram for a scan
taken in the far field of the defect, whereas 5(b) is from the near field of the defect where there are
interactions between incident and mode converted wave forms. A large increase in magnitude of the A0
mode is seen in some regions of frequency·thickness, and an increase in the magnitude of the S0 wave is
also visible at higher frequencies. To quantify the enhancement of the signals due to reflection and/or
mode conversion, the magnitude in a particular region of the time frequency plot can be measured. This
method has the potential to provide a reliable method for the near field identification and characterisation
of surface breaking defects in plates.

6 Conclusions

It has been shown that for Rayleigh waves on thick samples, the transmitted amplitude and frequency
content can be used to characterise the defect depth, and the signal enhancement can be used to position



the defect and to gain some idea of its inclination relative to the surface. A similar enhancement effect
is observed for Lamb waves incident on defects on plates, and again, signal enhancement has been shown
to be a suitable fingerprint of the presence of a defect.
The addition of branching causes extra complications to the detected surface wave signals. If the branch is
close to the top surface of the sample its angle becomes important when considering signal enhancement.
If it is within the sample, the position is important when considering reflections.
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